Because Plasmodium falciparum replicates inside of a parasitophorous vacuole (PV) within a human erythrocyte, parasite egress requires the rupture of two limiting membranes. Parasite Ca 2+ , kinases, and proteases contribute to efficient egress; their coordination in space and time is not known. Here, the kinetics of parasite egress were linked to specific steps with specific compartment markers, using live-cell 
| INTRODUCTION
When malaria parasites invade, grow, and multiply inside their host erythrocytes, they separate themselves from the erythrocyte cytoplasm by residing inside a parasitophorous vacuole (PV) for nearly the entire duration of the intraerythrocytic developmental cycle (Cowman, Healer, Marapana, & Marsh, 2016; De Niz et al., 2017) . At the time of egress, two membranes-the PV membrane (PVM) and the erythrocyte plasma membrane (EPM)-have to be breached by the parasites to egress for the initiation of a new replicative cycle.
There is a growing understanding that parasite egress and invasion are two multistep events in parasite life orchestrated by multiple players, both regulatory and catalytic, under the control of parasite signalling systems (Alam et al., 2015; Beeson et al., 2016; Blackman & Carruthers, 2013; Koch & Baum, 2016; Thomas et al., 2018) . Egress of merozoites, an invasive asexual form of malaria parasites, from erythrocytes was originally described by Trager (1956) as an explosive release of separated parasites from an opening in the erythrocyte membrane. Later, recordings of Plasmodium falciparum egress were made, taking account of the exceptional sensitivity of late-infected erythrocytes to photodamage by light, that documented egress as release of separated parasites from infected erythrocytes (Glushakova, Yin, Li, & Zimmerberg, 2005) . Plasmodium egress is a story of membrane remodelling. The erythrocyte membrane is transformed prior to parasite egress, losing its tension and eventually collapsing onto the schizont (Glushakova et al., 2005; Glushakova, Mazar, HohmannMarriott, Hama, & Zimmerberg, 2009; Hale et al., 2017) . It is then
The contributions of these authors to this article were prepared as part of their official duties as United States Federal Government employees. thought to be permeabilised by parasite perforins just prior to parasite egress (Glushakova et al., 2010) , though the identity of the involved perforins has been elusive (reviewed in Guerra & Carruthers, 2017) .
The erythrocyte membrane curls outward at the site of primary cell opening, a movement that likely helps to eject parasites (Abkarian, Massiera, Berry, Roques, & Braun-Breton, 2011) . The egress time is accompanied by a motion that pushes big membrane fragments of erythrocyte aside while small membranous vesicles are scattered together with released parasites (Glushakova et al., 2005) . The potential contribution of mechanical forces leading to rupture of the erythrocyte membrane during parasite egress is unknown. It is possible that an initial limited motility of merozoites (Frénal, Dubremetz, Lebrun, & Soldati-Favre, 2017 ) could contribute to membrane stretching and fragment the perforated host cell, but experimental evidence for this mechanism is missing. However, given how fast the merozoites scatter upon their release from erythrocytes, it has been assumed that the PVM must rupture before or simultaneously with the erythrocyte membrane and that merozoites must separate from each other prior to egress (Collins, Hackett, Atid, Tan, & Blackman, 2017; Crick et al., 2013; Glushakova et al., 2005) .
Uncertainty about the actual timing of PVM rupture continues to complicate the analysis of the molecular biology of the parasite egress programme. Proteins secreted by parasites at the end of the cycle act on their own surfaces, on proteins soluble in the vacuole, or possibly on other targets such as erythrocyte cytoskeleton, within the infected cell. Proteins now known to be involved in egress include kinases (PfPKG [Collins et al., 2013] , PfCDPK5 [Dvorin et al., 2010] ), proteases (PMX [Nasamu et al., 2017; Pino et al., 2017] , SUB1 [Yeoh et al., 2007] , SERA6 [Ruecker et al., 2012; Thomas et al., 2018 Thomas et al., , 2016 ), pseudoprotease SERA5 (Collins et al., 2017) , and the merozoite surface protein MSP1 (Das et al., 2015) . The interaction of all these proteins is not fully understood, nor is the time and place of their activity. Recent studies connect PfPKG, PMX, and SUB1 activation in a single pathway: PMX and SUB1 are packaged together in secretory organelles of the newly formed merozoites known as exonemes, and PMX activates SUB1 hours prior to the end of the cycle (Nasamu et al., 2017) . The signal from Ca 2+ and the elevation of PfPKG leads to secretion of SUB1 from parasite exonemes into the vacuolar space, where it is known to process the PV proteins SERA5 and SERA6 as well as the merozoite surface protein MSP1 (Collins et al., 2013; Das et al., 2015; Ruecker et al., 2012; Yeoh et al., 2007) . Inhibition of SUB1 activity (Yeoh et al., 2007) , processing (Nasamu et al., 2017; Pino et al., 2017) , or SUB1 conditional knockout (Thomas et al., 2018) blocks parasite egress. Inhibition of PfPKG by Compound 2 (C2) blocks SUB1 discharge from the exonemes and also blocks parasite egress, without interference with merozoite maturation or production of mature SUB1, as the parasite proceeds rapidly to egress upon drug removal (Collins et al., 2013; Taylor et al., 2010) . Electron microscopy of schizonts stalled by drug Compound 1 (C1) or C2 was conflicting, with an early study reporting morphologically breached PVM in C1-inhibited schizonts (Taylor et al., 2010) whereas another study reported morphologically intact PVMs that were functionally perforated after inhibition with drugs C1 or C2 (Hale et al., 2017; Thomas et al., 2018) .
Here, we analyse and define the kinetics of natural merozoite egress stages using live-cell microscopy with and without drug intervention by (a) visualising the PVM while minimising photodamage, (b) testing PVM integrity using a soluble fluorescent probe targeted to the accessible PV space, and (c) measuring the timing of PVM rupture with respect to parasite egress by visualisation of PVM and vacuolar soluble content. Monitoring natural egress with these tools revealed a novel stage of the egress programme consisting of a dramatic rounding of the PV in preparation for rupture. With drug intervention, we also explore the timing of action and define the effects of egress inhibitors on the status of parasite-enclosing membranes. These results allow us to put "time-stamps" on the vacuolar and erythrocyte membrane transformations, to establish links between the enzymatic processes regulating or performing the individual activities in egress and the morphological steps they control, and to suggest a more precise sequence of events in the parasite egress programme. (predicted molecular weight of 26.6 kDa after SP cleavage). This red luminal marker not only reports the patency of the vacuolar space, but it also reports PVM integrity during the final stages of the replicative cycle, by monitoring leakage out of the vacuole. Additionally, we created a separate and distinguishable fluorescent marker to label the PVM itself by engineering a C-terminal mNeonGreen (Shaner et al., 2013) gene fusion to the endogenous Exp2 protein, an integral PVM protein (de Koning-Ward et al., 2009; Glushakova et al., 2017; Johnson et al., 1994) . These two markers were distinguishable due to the wide separation in their fluorescence emission spectra.
Coexpression of these constructs allowed observation by dualcolour confocal live-cell microscopy of both the PVM and the PV lumen around the parasites starting from the trophozoite stage of parasite development, in which PVM appeared to surround the developing parasite ( Figure 1a ). The close juxtaposition of PVM and PPM was preserved during schizogony as expected from electron microscopy images of infected cells (Figure 1b) . During the later stages of schizogony, live-cell time-lapse recordings of the two-colour fluorescence clearly displayed radial "ribs" of mRuby3 that extended down into the gaps between dividing merozoites, as would be expected in the narrow clefts forming between them during invagination of the PPM at the time of cell division ( Figure 1c ).
The unexpected finding was that the supposed PVM marker Exp2-mNeonGreen was frequently observed in-between dividing merozoites, partially overlapping the distribution of the soluble vacuolar marker mRuby3 (Figure 1d ). We consider the possibility that the PVM itself dips down into the clefts between dividing cells during schizogony, a phenomenon that had not been described in earlier electron microscopy analyses of this process (Hanssen, McMillan, & Tilley, 2010; Sakaguchi, Miyazaki, Fujioka, Kaneko, & Murata, 2016) . A close reexamination of our own electron microscopic images of quick-frozen schizonts freeze-substituted for plastic embedding and thin sectioning, which we considered as true-to-life as possible, failed to detect PVM clefts in-between dividing merozoites. The PVM apparently sustains its normal peripheral location ( Figure 1b ) in all inspected schizonts.
To explain the discrepancy between light and electron micro- When a recording ended in dispersion of released merozoites (Glushakova et al., 2005) , the times between the end of each stage and the actual release of the first merozoite was tabulated.
A (Figure 2g ). Thus, these analyses did not support the idea that the PV swells during the rounding stage but rather suggested that the PVM must decline in surface area for the PV to become more spherical with practically the same volume. One way this could happen without the PVM actually losing its integrity would be if small vesicles trafficked away from it during the increase in rounding and sphericity. We did not observe such vesicles, but they might be too small to see by light microscopy and too transient to see by electron microscopy. Notwithstanding, we can conclude that the PV rounding is not due to swelling.
| PVM rupture is marked by loss of soluble contents and followed by piecemeal PVM degradation and erythrocyte membrane transformation
Our time-lapse recordings of natural parasite egress provided clear-cut views of PVM rupture and degradation, allowing us to define the timing between vacuole rupture and parasite egress, and to link PVM rupture with progressive collapse of the erythrocyte membrane.
We reproducibly observed the stages described below. The brief stage of vacuole rounding was always followed by PVM rupture, accompa- within the same erythrocyte, we looked for doubly infected erythrocytes that had two independent PVs and saw that when one schizont initiated its egress programme in the presence of a second one that was still immature, the rupture and degradation of the first PVM did not affect the integrity of the other (Figure 3e ). mRuby3 remained encapsulated in the second PV in all 19 cases we recorded (Figure 3 f, Movie S5). Thus, the agents that cause PVM breakage apparently cannot spread to other PVMs in the same erythrocyte and act on them from the outside.
We also observed while monitoring the final stages of egress that PVM breakage was closely linked temporally with agonal changes in the erythrocyte membrane. This was manifest first by ruffling of the erythrocyte membrane and then by its relaxation and gradual collapse onto the schizont body (Glushakova et al., 2009 (Glushakova et al., , 2005 ; Figure 3a , Movie S3). Presumably, these changes reflect a degradation of the erythrocyte cytoskeleton by released PV content. We have seen signs of it before, when we reported changes of the erythrocyte membrane refractive index in differential interference contrast images (Glushakova et al., 2009 (Glushakova et al., , 2005 . This simultaneous PVM degradation and RBC membrane deterioration continued throughout the time between PVM rupture and parasite egress.
The next stage we observed was merozoite separation or the completion of cytokinesis, which generally happened during the very last minute before final egress (although Figure 3g and Movie S6 show a relatively rare case where the process took a few minutes, so we could clearly observe and record it). Then, immediately prior to egress, we observed frank erythrocyte membrane perforation, which occurred just seconds prior to parasite egress. This we earlier detected by the influx of extracellular phalloidin into infected erythrocytes (Glushakova et al., 2010) . Here, with our single and double-labelled of stalled schizonts with a distorted morphology (n = 67) maintained the mRuby3 signal within vacuole, indicating preserved PVM integrity inside these cells. The EPM was preserved in C2-treated cells (Figure 4 a, WGA panels). Kinetic studies showed a quick inhibitory effect of C2 on parasite egress: at 4 μM C2, egress was blocked for 95% of infected cells within a few minutes after application (Figure 4b ,c).
We also confirmed by a quantitative egress assay the reversibility of the C2 inhibitory effect, as drug withdrawal, compared with the untreated control cultures, led to elevated parasite egress (Figure 4b ).
We previously observed that CWHM-117, an inhibitor of SUB1
processing, leads to the full inhibition of parasite egress at a concentration of 0.5 μM in parasites with PMX knockdown (KD; Nasamu et al., 2017) . However, the effect was observed only if the KD was initiated and the drug was administered well before the end of parasite cycle, reflecting the timing of PMX activity. Here, we 
| DISCUSSION
A canonical sequence of mechanical events was reproducibly observed during the last 10 min of intraerythrocytic cycle of malaria parasite replication leading to parasite egress from the infected cell.
The first short step, rounding of PV containing mature parasites, was followed by abrupt PVM rupture initiating its subsequent slow degradation in parallel with gradual collapse of erythrocyte membrane.
The final set of events at the very last minute of the cycle included merozoite separation, erythrocyte membrane permeation, and rupture. Release of dispersed parasites completed the replicative cycle.
| Timing and pattern of vacuolar membrane degradation in the natural parasite egress
The results described above depended upon and illustrated the utility of a dually labelled, gene-edited P. falciparum expressing genetically In contrast to the PVM degradation, host cell membrane perforation and rupture were associated with permeabilisation of the second vacuole in the double-infected erythrocytes, suggesting that the agent of erythrocyte membrane perforation is soluble and acts on both PVM and EPM. This agent has not yet been identified (Guerra & Carruthers, 2017) .
| Vacuolar membrane rupture is a prerequisite of subsequent steps of parasite egress programme
The high precision of estimated time between PVM rupture and parasite egress shows that leakage of vacuolar content into the erythrocyte compartment is tightly associated with an initiation of morphological changes in the infected erythrocyte, described before (Glushakova et al., 2010 (Glushakova et al., , 2009 (Glushakova et al., , 2005 Hale et al., 2017; Langreth, Jensen, Reese, & Trager, 1978; Thomas et al., 2018; Wickham, Culvenor, & Cowman, 2003) but not previously attributed to the PVM rupture. During this interval of time, lasting on average 5-8 min, and only after PVM rupture, one sees the degradation of the vacuolar membrane and simultaneous transformation of erythrocyte membrane, observed as a gradual collapse of EPM onto the schizont body, possibly reflecting erythrocyte cytoskeleton digestion (Bowyer, Simon, Cravatt, & Bogyo, 2011; Millholland et al., 2011) .
Cysteine proteases were implicated in parasite egress: The broadspectrum cysteine protease inhibitor E64 blocks parasite egress by acting on an as-yet-unknown target (Salmon et al., 2001 ) and preventing erythrocyte membrane rupture (Glushakova et al., 2009) .
One candidate for the E64-sensitive enzyme and an agent of erythrocyte cytoskeletal digestion is the parasite cysteine protease SERA6, which must be processed by SUB1 prior to PVM rupture and then is released in active form into the erythrocyte compartment upon PVM rupture (Thomas et al., 2018) . This possibility is consistent with our data, which showed a very tight temporal association of PVM rupture with the abrupt initiation of the erythrocyte membrane breakdown.
Indeed, SERA6 can enzymatically process the major erythrocyte cytoskeleton protein spectrin in vitro, and conditional knockout of SERA6 prevents parasite egress from erythrocyte, mimicking the effect of E64 (Thomas et al., 2018) . Combined observations contradict the notion that human calpain-1 protease alone is responsible for erythrocyte membrane rupture (Chandramohanadas et al., 2009; Millholland et al., 2011) . The data presented here and in recent publications reinforce the need for work on the biochemical identity of all proteases and mechanisms involved in erythrocyte cytoskeleton disruption (Das et al., 2015; Glushakova et al., 2013; Thomas et al., 2018) .
In conclusion, the double fluorescent protein labelling of the PV and its delimiting membrane allowed a more complete description and sequencing of the events leading to parasite egress than hitherto possible (see Figure 5 , summarising the timing, blocking, and sequence of the stages of egress mechanism discussed here). 
| P. falciparum culture and human erythrocytes
All parasite lines were maintained in culture at low parasitemia in freshly collected human erythrocytes of healthy donors after obtaining their consent to participate in the National Institutes of Health Institutional Review Board-approved Research Donor Program in Bethesda, MD (all samples were anonymised). Culture medium composition:
FIGURE 5 Known stages of parasite egress programme, timing of observable events, molecular agents, and inhibitors affecting egress. A mature schizont initiates a stereotypical, Ca
2+
-dependent egress programme approximately 9 min prior to parasite egress. The first mechanically observable step is a rounding of the parasite vacuole lasting only around two minutes. Vacuole rounding is prevented by intracellular (but not extracellular) Ca 2+ chelators. The rounding stage is followed by macroscopic vacuolar membrane rupture and sudden release of vacuolar contents into the erythrocyte compartment. Compound CWHM-117 and Compound 2 (C2) block vacuolar rupture, leaving the parasite in the vacuole rounding stage; exit from this stage apparently requires PMX-dependent SUB1 maturation and PfPKG-dependent SUB1 release from parasite exonemes. For the following~6 min, the vacuolar membrane gradually degrades and the erythrocyte membrane gradually collapses on the schizont body. Two cysteine proteases, SERA6 and host calpain-1, appear to degrade the erythrocyte cytoskeleton explaining erythrocyte shape change. The last minutes of the erythrocyte cycle are characterised by a mechanical separation of mature merozoites and perforation of erythrocyte membrane. Final parasite release completes the egress programme, blocked by cysteine protease inhibitor E64 or a conditional knockout of SERA6 (SERA6-KO, Thomas et al., 2018) . PVM, parasitophorous vacuolar membrane; RBC, red blood cells −1 gentamicin, 0.5% Albumax II (Gibco), and 4.5 mg ml −1 glucose (Sigma). 2010) into the previously described NF54attB::Exp2-mNeonGreen parasite line to facilitate integration into the cg6 locus through integrase-mediated attB x attP recombination.
4.3
Selection with 2.5 μg ml −1 Blasticidin S was applied 24 hr after transfection. A clonal line displaying both Exp2-mNeonGreen and PV-mRuby3 fluorescence was derived by limiting dilution after parasites returned from selection. For Exp2-mNeonGreen tagging in the PMXapt background, PMXapt parasites (Nasamu et al., 2017) were transfected with pyPM2GT-Exp2-mNeonGreen . Selection with 2 μM DSM-1 was applied 24 hr after transfection (in addition to 2.5 μg ml −1 Blasticidin S and 1 μM anhydrotetracycline for maintenance of the PMX aptamer system).
Primers:
P1 CTAATAGAAATATATCACCTAGGATGACAAGAAGATATTTAAAG TATTATATTTTTGTTACTTTATTGTTTTTTGTTCAAGTTATTAAT AATGTATTGTGTGCTAGCAAAGGAGAAGAACTTTTCAC P2 ATAATGTATTGTGTGCTAGCGTGTCTAAGGGCGAAGAGCTGATC AAG P3 TTATATAACTCGACCTTAAGTTACTTGTACAGCTCGTCCATGCC
| Confocal microscopy of infected erythrocytes
Live-cell recording was performed as described elsewhere (Glushakova et al., 2005) using LSM 800 and LSM 880 laser-scanning microscopes (Zeiss) with a 63× 1.4 numerical aperture oil objective.
Cells were illuminated with 488-nm (0.2-μW light) and 561-nm (0.6-μW light) laser to excite mNeonGreen and mRuby3 correspondingly. Erythrocyte surface in the static experiments was labelled using WGA-Alexa Fluor 647 conjugate at concentration of 10 μg ml −1
(Thermo Fisher Scientific) and visualised by 640-nm laser illumination.
To observe parasite egress, infected culture (0.25-1% haematocrit) was placed into environmental chambers suited for microscopy (HybriWell HBW20, Grace Bio-Labs, Inc.). Time-lapse recording of parasite egress was performed with the variable intervals between image collection to minimise photodamage. Some recordings were made using AiryScan confocal microscopy. In this case, the optimal pixel size was selected according to Zen software recommendations (Zeiss) and processed using the "auto filter" setting. The photowounding of infected erythrocytes was performed using the 800-nm two-photon laser illumination (Chameleon, Coherent) at 50% power (0.8-μs pixel dwell time, 1-μm circle area of illumination with 10 iterations).
| Electron microscopy
Malaria-infected erythrocyte cultures were preserved in their most natural, lifelike state by quick-freezing them against a homemade "cryopress" that consisted of a copper block cooled with liquid helium (Heuser et al., 1979) . Thereafter, they were freeze-substituted by classical means (Feder & Sidman, 1958) 
| Immunoblot analysis
For immunoblots to monitor the integrity of the EXP2-mNeonGreen fusion protein, schizonts were magnet-purified using an LD Column and QuadroMACS system (Miltenyi Biotec). Purified schizonts were then either directly processed for Western blot or first treated with PBS containing 0.025% saponin. Blots were probed with monoclonal mouse anti-EXP2 antibody clone 7.7 (Hall et al., 1983) used at a dilution of 1:1,000. Primary antibodies were detected with IRDye 800-conjugated secondary antibodies used at a 1:10,000 dilution, and blots were visualised using an Odyssey infrared imaging system (Li-COR Biosciences).
| Quantitative parasite egress assay
To quantify the effect of drugs on egress, infected cells were treated with drugs in chambers at 37°C to accumulate egress sites, and then chambers were cooled at 15°C for 30 min to stop parasite egress.
Egress was quantified as the fraction of schizonts releasing merozoites. Images of stalled schizonts were taken at 37°C to confirm the block of cycle progression.
| Quantitative image analysis
Vacuole volume and sphericity estimates were derived independently using two approaches of image analysis of Z stack fluorescence: a threshold-based approach and a mask-based approach. Thresholdbased approach: The vacuole volume was estimated using a Matlab (Version 2015b, MathWorks) script. Briefly, a maximum projection of the Exp2-mNeonGreen Z stack was thresholded using the Otsu (1979) method. The threshold from the projection was then applied to each slice. The outline was then filled and smoothed by a dilateerode-dilate step giving a vacuole cross section. The vacuole volume was measured by summing up the cross section areas multiplied by the pixel height. The vacuole volume and sphericity were further estimated by fitting an ellipse (ellipsoid_fit.mat, Yury Petrov, Oculus VR)
to the outline of the cross sections. Mask-based approach: Manual masking was used to estimate the vacuole volume. Briefly, each section of the Z stack images was segmented manually using FIJI image analysis software (Schindelin et al., 2012) . This generated a volumetric mask, which was analysed in Python using the SciPy (Jones, Oliphant, & Peterson, 2001 ) and scikit-image (van der Walt et al., 2014) libraries.
Mask volume was determined by summing the masked voxels. Surface area was determined by convolving the mask with the kernel [−1, 1] in each axis (x, y, z) , adding together the areas of the respective facets of the nonzero voxels.
